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The possible existence of a nonzero elec- 
tric dipole moment (EDM) of the neutron 
is of great fundamental interest in itself 
and directly impacts our understanding of 
the nature of electro-weak and strong 
interactions. The experimental search for 
this moment has the potential to reveal 
new sources of T and CP violation and to 
challenge calculations that propose exten- 
sions to the Standard Model. The goal of 
the current experiment is to significantly 
improve the measurement sensitivity to the 
neutron EDM over what is reported in the 
literature. The experiment has the potential 
to either measure the magnitude of the 
neutron EDM or to lower the current 



experimental limit by two orders of mag- 
nitude. Achieving these objectives will 
have a major impact on our understanding 
of the physics of both weak and strong 
interactions. 
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1. Introduction 

The search for an electric dipole moment (EDM) of 
the neutron is perhaps unique in modem physics in that 
experimental work on this subject has been going on 
more or less continuously for over 50 years. In that 
period the experimental sensitivity has increased by 
more than a factor of 1 0^ without an EDM ever being 
observed. The reason for this apparently obsessive 
behavior by a small group of dedicated physicists is 
that the observation of a non-zero neutron EDM would 
be evidence of time reversal violation. CP violation 
(which implies T violation by the CPT theorem) as well 
as T violation itself has been observed in the K^ and B 
meson systems. Both observations are however consis- 
tent with the "Standard Model" of particle physics. An 
interesting point is that while CP (T) violation is on the 



^ Present Address: Hahn Meitner Institute, Berlin, Germany. 



order of 10""^ in the K^ system, it is as large as 10 % in 
the B meson system. This has led to an enormous 
expenditure on so-called B factories, dedicated acceler- 
ators devoted to producing high intensity B-meson 
beams to study CP violation with a view to check pre- 
dictions of the Standard Model. However at a recent 
conference at Fermilab [1], the consensus among 
researchers in the field is that these experiments will 
not really be able to produce realistic tests of the 
Standard Model because the Standard Model, using 
conventional perturbation techniques, is far from being 
able to produce predictions of sufficient accuracy for 
these effects. Many of the models currently being test- 
ed by the B measurements have already been ruled out 
or more strongly constrained by the neutron EDM 
work. 

An essential point is that the Standard Model predic- 
tions of the magnitude of time reversal violation are 
inconsistent with our ideas of the formation of the uni- 
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verse; namely the production of the presently observed 
matter/anti-matter asymmetry requires time reversal 
violation many orders of magnitude greater than that 
predicted by the Standard Model. 

For these reasons Steven Weinberg has written 
"These electric dipole moments . . . seem to me to offer 
one of the most exciting possibilities for progress in 
particle physics. Experiments here . . . move very slow- 
ly but . . . there has been a lot of progress recently in 
calculating electric dipole moments . . . with results 
that are encouraging for future experiments." [2] 

Thus the search for a neutron EDM represents the 
best existing hope for finding physics beyond the 
Standard Model as the detection of any non-zero neu- 
tron EDM would be unambiguous proof of the break- 
down of the Standard Model. 

While the Noble Prize citation (1989) for the origi- 
nator of experimental work on the neutron EDMs, 
Norman Ramsey did not mention his neutron EDM 
work directly [3], it is widely felt that this work played 
an important role in his selection for that honor. 



2, Present Experimental Situation 

Currently there are no running neutron EDM experi- 
ments; the most recent experiment at the Institut Laue- 
Langevin (ILL) has now completed data collection. 
There are three rather large projects (including this 
project) engaged in design and preparation of a new 
generation of experiments expected to improve the 
experimental limit by about a factor of 100 [4,5]. 

Two projects, one centered at the ILL [4] and this 
project, a collaboration based at Los Alamos National 
Laboratory (LANL), involve the storage of ultracold 
neutrons (UCN) in superfluid Helium and cryogenic 
techniques for controlling the magnetic fields. The 
third experiment, operating at room temperature at Paul 
Scherrer Institut (PSI), we feel is not competitive in its 
present form. 

The present experiment is based on the production 
and storage of UCN in superfluid helium doped with a 
very dilute solution of polarized ^He. The ^He serves as 
polarizer, analyzer and co-magnetometer. By this term 
we mean a magnetometer whose sensitive elements 
sense the field in the same region where the UCN are 
undergoing Larmor precession. If there is one essential 
point that has been learned during the past 25 years of 
experimental work in this field, it is the fact that a co- 
magnetometer is essential if one is to reach sensitivities 
comparable to or better than those currently achieved. 
Given this it is somewhat surprising that the LANL- 



based project is the only one of the current projects that 
offers this essential feature. 



3, Brief Overview of the Neutron EDM 
Experiment 

For a detailed discussion of the proposed experi- 
ment, the reader is directed to the original proposal by 
Golub and Lamoreaux [6] and the collaboration web 
page (http://p25ext.lanl.gov/edm/edm.html), where one 
can view the pre-proposal in its entirety. The pre-pro- 
posal contains detailed discussions of all aspects of the 
proposed experiment. This section serves to give a 
basic overview of the experiment and measurement 
technique. 

The experiment to measure the neutron EDM is 
based on the magnetic resonance technique of rotating 
a magnetic dipole moment in a magnetic field. 
Polarized neutrons and polarized "^He atoms coexist in a 
bath of superfluid "^He at a temperature of ~ 300 mK. 
When placed in an external magnetic field, both the 
neutron and "^He magnetic dipoles can be made to pre- 
cess in the plane perpendicular to the magnetic field. 
The measurement of the neutron EDM comes from a 
measurement of the change in the difference in the pre- 
cession frequencies of the neutrons and the "^He atoms 
when a strong electric field parallel to the magnetic 
field is reversed. In this comparison measurement, the 
neutral "^He atom is assumed to have a negligible elec- 
tric dipole moment. 

The present concept involves a superconducting 
cylindrical magnetic shield containing a ferromagnetic 
cylinder to provide a flux return path and a more spa- 
tially uniform field inside. The precession of the "^He 
nuclei will be monitored with SQUIDS and the tech- 
nique of 'dressing' will be applied so that the magnetic 
moments of the "^He and UCN can be tuned to have 
effectively the same value, providing cancellation of 
magnetic field fluctuations and the possibility of signal 
to noise enhancements. In fact, the presence of two 
species undergoing Larmor precession makes available 
a wide range of double resonance techniques, well 
known from NMR practice. 

UCNs are produced and stored in a superfluid "^He 
(He II) bath. The socalled "superthermal process" for 
producing UCN in superfluid "^He was proposed in Ref 
[7] and a number of aspects of the physical processes 
involved have been demonstrated [8-17]. Briefly, the 
dispersion relation for the free neutron relating the 
kinetic energy hco to momentum ^^ is a parabola. This 
parabola crosses the Landau-Feynman dispersion curve 
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for elementary excitations in superfluid "^He at Inlk^ = 
0.89 nm and E^ = hco = 12 K. (The curves also intersect 
at k=0.) Since both energy and momentum are con- 
served in the scattering process, neutrons at or near rest 
can only absorb phonons of energy £"* where the dis- 
persion curves cross. The rate of this process is propor- 
tional to the 12 K phonon density which is strongly 
suppressed by the Boltzmann factor e"^**^ and is negli- 
gibly small when the temperature of the helium bath is 
less than 500 mK. By the same argument, only neutrons 
with energy near £"* can scatter into the UCN energy 
region through creating a single excitation. 

A beam of 0.89 nm neutrons enters the superfluid 
bath. Some fraction of these neutrons downscatter, pro- 
ducing UCN which are confined by the material walls 
of the container if their kinetic energy is less than the 
effective neutron potential of the wall. If the 0.89 nm 
neutron beam is polarized, the UCNs produced will be 
polarized as well. Recent studies at the ILL have meas- 
ured the polarization transfer of the incident neutron 
beam to UCN produced using the superthermal process 
and initial results indicate that the transfer is at least 
99% [18]. 

Producing the UCN directly in the measurement 
region has a number of advantages. In addition to 
avoiding the losses associated with the transport of 
UCN through guides and windows, the excellent 
dielectric properties of liquid helium allows one to 
increase the applied electric field by nearly an order of 
magnitude as compared to the traditional experiments 
operated in vacuum. A dilute solution of polarized ^He 
in the "^He also serves as a UCN detector. When a neu- 
tron is captured by ^He, the energetic charged particles 
from this reaction produce ultraviolet scintillations in 
the liquid helium. The reaction between -^He and neu- 
trons in the liquid helium can be detected with nearly 
100% efficiency 

The spin dependent absorption rate for the neutrons 
by the ^He is given by 



= — 0-/^nJ^3COse^3), 



(1) 



abs 3 

where 0^ is the angle between neutron and ^He spin 
polarization vectors, /?n and/?3, and T3 is the polarization 
lifetime of the "^He. Each neutron capture event pro- 
duces a scintillation pulse; the scintillation rate thus 
becomes a measure of the angle between the polariza- 
tion vectors. By measuring the precession frequency of 
the ^He using SQUID techniques, one can determine 
from the scintillation rate the procession frequency of 
the neutrons. If the neutron EDM is non-zero, the neu- 
tron precession frequency will be shifted by an amount 



proportional to d^E when the electric field E is 
reversed. 



4. Conclusions and Discussion 

In principle this new type of EDM experiment can 
achieve three orders of magnitude improvement in the 
experimental limit for the neutron EDM in conjunction 
with the proposed Spallation Neutron Source (SNS). 
This factor results from the possibility of an increased 
electric field (a factor of > 5) due to the excellent 
dielectric properties of superfluid "^He, an increase in 
total UCN stored (> 1000 fold improvement at the 
SNS) and an increased storage time (up to 10 times) 
due to the low temperature of the walls. The current 
experimental EDM bound, however, is largely limited 
by magnetic field systematics. With the proposed 
experiment, an EDM limit ofd^ = 3 x 10"^^ e cm is pos- 
sible; the use of "^He as a volume co-magnetometer is 
crucial to the elimination of magnetic field systematics. 

A recently completed work [19] and subsequent 
analysis [20] has called attention to the existence of a 
serious systematic effect produced by the combination 
of a magnetic field gradient and the well known v>^ E 
motional magnetic field acting on the UCN spins by the 
Bloch-Siegert effect. The effect is independent of the 
direction of the velocity. The only way so far identified 
to reduce the effect (other than reducing the field gradi- 
ents) is through collisions with a foreign gas. The dilute 
solution of "^He acting as a co-magnetometer has the 
great advantage that the collision rate with the phonons 
in the "^He can be simply adjusted by small changes in 
the temperature and thus provides the only known 
method for precise in-situ monitoring of the effect. 
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